Abstract Biodiversity maintenance is a key component of Mediterranean forest management, yet studies on the effects of silvicultural treatments on plant diversity are scarce. Our experiment assessed the impact of five different site preparation treatments on the composition, diversity, ecological traits (life-form, pollination mode, leaf morphology, seed dispersal mode), indicator values (shade tolerance, nutrients demand) of the understory vegetation in a mature thinned Pinus halepensis stand in southern France. The treatments-chopping, chopping followed by scarification in one or two directions, prescribed burning, control-were replicated four times and applied on a total of 40 plots. Vegetation relevés were performed on each plot in the first, second and fourth year following treatment applications. Plant diversity, measured by the species richness or Shannon's index, increased in the non-control treatment plots in the first year but then decreased through time. Vegetation composition differed between treatments, with the chopping treatment exhibiting composition and ecological trait values more comparable to those of control plots than the other treatments. The burning and scarification treatments led to higher abundance of therophytes, plants with malacophyllous leaves and insect-pollinated plants, and shade-intolerant and nutrient-demanding species. However, these changes were transient in time, the shade-intolerant species remained abundant but the ruderal species decreased while the ligneous species increased indicating a gradual return to a forest vegetation composition. For the Mediterranean area, most of the findings were similar to those in temperate forests subjected to the same site preparation treatments.
Introduction
Mediterranean areas are biodiversity hotspots due to the wide range of climatic and edaphic conditions and anthropogenic disturbances (Pons and Quézel 1985; Médail and Quézel 1999) . Natural woodlands represent a large part of the biodiversity reservoir, and forest management can be used to assure compatibility between timber production, biodiversity maintenance, and recreational value (Kint 2005) .
Aleppo pine (Pinus halepensis Mill) woodlands are very extensive and this exclusively Mediterranean conifer covers 250,000 ha in Southern France and 2.5 million ha across the Mediterranean Basin (Quézel 2000) . The extensive cover of this species is due to its ability to withstand drought, its edaphic plasticity, and its ability to colonize land after agricultural abandonment and to reproduce in post-fire conditions (Ne'eman et al. 2004) . Despite their extension, Aleppo pine woodlands are seldom managed, mainly for economic reasons, and there have been few relevant studies on the effects of silvicultural and site preparation treatments on biodiversity (but see De Las Heras et al. 2004; Torras and Saura 2008; Moya et al. 2009 ). However, more active forest management is needed to mitigate the impact of climate change. Possible management activities could include thinning to reduce competition among trees for water, diversifying and regenerating the stands and site preparation methods for stand regeneration (Lindner et al. 2008; Resco de Dios et al. 2007 ). The compatibility of such management operations with biodiversity conservation is therefore a critical challenge in order to maintain timber production and other aspects of the ecological value of the woodlands (Eriksson and Hammer 2006) . In fact, while some studies have reported that forest management may have a detrimental effect on plant diversity , others have reported zero or even positive effects (e.g. Battles et al. 2001; Ramovs and Roberts 2005; Newmaster et al. 2007; Wang and Chen 2010) . The contrasting influences of the disturbances caused by forestry operations on species diversity can be explained by the frequency, intensity, and nature of these disturbances. On one hand, disturbances can increase species diversity by lowering the abundance of some widespread species, thus enabling other successional species to be established, and by encouraging environmental heterogeneity which in turn enhances specialization and resource partitioning (Grubb 1977; Tilman and Pacala 1993) . On the other hand, disturbances can favor some expanding species to the detriment of other non-disturbance-adapted species, thus leading to an overall decrease in plant diversity (Freedman et al. 1994) . According to the intermediate disturbance hypothesis (Huston 1994) , diversity is expected to peak at intermediate disturbance levels and then decline . This theory has been extensively studied in temperate and boreal forest ecosystems (e.g., Battles et al. 2001; Widenfalk and Weslien 2009 ), but not in managed Mediterranean forests.
In this context, our study was designed to assess the effects of different site preparation treatments applied in a mature thinned Aleppo pine stand (to enhance regeneration) on vegetation composition and diversity. We measured the vegetation response over 4 years following the treatments in order to establish the influence of the treatments on vegetation over time. To gain deeper insight into vegetation response, we also analyzed the changes in functional traits such as life-form, type of pollination, leaf morphology, mode of dispersal, and in indicator values for light and nutrient regime. More specifically, the study addresses two main questions:
(1) How does species composition and diversity vary between treatments and over time? (2) How do the functional traits and indicator values characterizing light and nutrient availability change between the treatments and over time?
Materials and methods

Study site
The study was set up in Southern France (43°54 0 01 00 -4°44 0 55 00 ), 80 km north-west of Marseille, on mature Aleppo pine natural woodland (altitude 105 m). The climate is meso-Mediterranean, with annual mean temperature of 14°C and annual mean rainfall of 689 mm. Soils are weakly developed lime soils, composed of an organic first layer (5-10 cm), an alteritic second layer of variable depth (10-40 cm) and calcareous bedrock. The general topography is a north-facing gentle slope. The combined effects of slope and soil depth variation lead to fluctuating soil fertility at the local scale (1 m).
Before treatments, the stand comprised a dominant P. halepensis tree layer with scattered Quercus ilex trees in the subcanopy layer, a well-developed shrub layer dominated by Buxus sempervirens, Quercus coccifera, and Viburnum tinus, and a sparse ground layer dominated by Brachypodium retusum. The stand was heavily thinned (regeneration cut) during winter 2004, leaving a basal area of 12 m 2 /ha (initial basal area 20 m 2 /ha) and a density of 210 trees/ha (initial density 410 trees/ha).
Treatments and experimental design
Soil and vegetation treatments were applied in winter and spring 2005. They were originally designed to enhance pine seedling establishment as soil or vegetation treatments were usually not used in the Mediterranean area to promote stand regeneration (Prévosto and Ripert, 2008) . A randomized block design was set up inside the thinned stand using five soil and vegetation treatments consisting of:
(i) Mechanical chopping of ground vegetation (CHOP): this treatment was performed using a bulldozer with a horizontal power-driven shaft equipped with hammers.
(ii) Mechanical chopping followed by scarification in one direction (SCA1): scarification consisted in loosening forest floor and top soil to an approximate depth of 20 cm. It was performed with a set of heavy tines mounted at the rear of a forest tractor.
(iii) Mechanical chopping followed by scarification in two perpendicular directions (SCA2).
(iv) Prescribed fire (FIRE): after cutting the shrub vegetation burning was carried out by a specialized team from the French National Forestry Office. A backfire was lit with a drip torch in the upper part of the slope leaving fire to spread downward. A strip of 0.5 m of bare soil was previously established along the plot perimeter for fire control.
(v) Control (CONT): the control consisted of the thinned stand without any soil or vegetation treatments.
Each of these treatments was applied either with slash present or with slash removed and carried out between February and May 2005. Previous analyses (not shown) showed that slash presence or absence influenced vegetation cover in the fire treatment only, but had no influence on vegetation composition and species diversity regardless of treatments. Therefore, the rest of the study analyzes vegetation response to soil and vegetation treatments at plot level after combining subplots with and without slash.
The treatments were replicated four times in four 34 m 9 82 m blocks and applied on a total of forty 14 m 9 14 m plots (8 plots/treatment).
In this experiment, conducted in a single forest, we assumed that the main sources of variation were linked to the treatments and to the local site factors (mainly changes in soil and vegetation conditions) but not to the stand characteristics. Such an assumption can of course limit the generalization of the results beyond our study site and calls for additional experiments in other Mediterranean Aleppo pine forests.
Vegetation analysis
Vegetation relevés were completed in spring 2006, 2007, and 2009, i .e., 1, 2, and 4 years after treatment application, respectively. All vascular species were recorded for each plot and each species was assigned an abundancedominance value according to an ordinal scale derived from Braun-Blanquet's procedure (1932) 
In addition, herb cover, shrub cover and bare soil were visually evaluated on fifteen 1.0 m 2 subplots per plot at regular intervals along five transects.
Plant diversity was evaluated by computing three classical indices: Species richness, the ShannonWiener index, and the Evenness index.
The Shannon-Wiener index was calculated as:
where p i is the proportion of total cover of the ith species, for the computation the centers of the above classes were used (respectively, 0.5, 2.5, 15, 37.5, 62.5, 87.5) Evenness was calculated as:
where H 0 is the Shannon-Wiener index and S is the total number of species. H 0 , E, and S were calculated at plot level and averaged for each treatment.
Plant traits and plant indicator values were computed using presence/absence data as previous studies showed that abundance-weighted analyses of plant traits or indicator values showed little difference compared to studies using simple presence-absence data (Schaffers and Sýkora 2000; Dzwonko 2001 , but see Cingolani et al. 2007 ). The traits are the Raunkiaer life-forms, pollination mode (entomogamy, anemogamy, autogamy), leaf morphology (graminoid type, malacophyllous = soft leaves with delicate tissue, microphyllous, sclerophyllous = firm stiff leaves with thickened epidermis and cuticula, miscellaneous), seed dispersal mode (anemochory, zoochory, barochory). We also established plant indicator values related to the light demand (shadeintolerant, shade-tolerant) and nutrients demand (oligotrophic, mesotrophic, eutrophic). All values were extracted from the Mediterranean BASECO database (Gachet et al. 2005) . Each species of each plot was assigned to one category of the trait or indicator value. Frequency of each trait or indicator value category was then computed per plot across species. In a second step, the mean of the frequencies of all the plots included in the given treatments was calculated.
Statistical analysis
Vegetation composition variation between treatments was analyzed using correspondence analysis (CA) performed on a data matrix composed of the coefficients of abundance-dominance of the species-after discarding species whose occurrence was B3-and all the plots of the first and the last year (2006, 2009) . Then, plots and the species were projected onto the CA factorial map using the two first axes. Calculations were run on ADE-4 software (Thioulouse et al. 1997) .
Comparisons between treatments and between years for plant diversity indicators and ecological trait values were evaluated using ANOVA followed by a multiple range test (Tukey test). Variance normality and homogeneity were checked before each analysis, and when these conditions were not met, transformations were applied in order to approach the ANOVA assumptions.
Results
Vegetation composition
Results of the CA (Fig. 1) showed that the control plots gathered on the positive part of axe 1 and negative part of axe 2 were characterized by ligneous species and shade tolerant species such as Juniperus oxycedrus, Staehelina dubia, Viburnum tinus, Teucrium polium commonly found in clear Aleppo pine forests in this area. Plots subjected to the other 
Plant cover
Bare soil cover (Fig. 2 ) was lowest in control and chopping treatment and highest for fire treatment. Soil cover decreases sharply over time, from 13% in 2006 for all treatments pooled to 2% the last year (P \ 0.001). In contrast, shrub cover was highest with control treatment and lowest in the intense scarification treatment plots, whatever the year, increasing significantly from 2006 (17%) to 2009 (28%, P \ 0.001). Herb cover was at its minimum with control treatment, although except for the CHOP treatment, differences with other treatments were not always significant, depending on the year. Like shrub cover, herb cover increased strongly over the years, even with the control treatment, from 12% in 2006 to 32% in 2009 (P \ 0.001). It was noted that herb layer came to be dominated by B. retusum, which developed from 18% of total herb cover in 2006 to 60% in 2009 (P \ 0.001).
Plant diversity
Plant diversity indicators are shown in Fig. 3 . Species richness was significantly lower in control plots than with the other treatments the first year. This tendency persisted in the following years, although differences were less marked between chopping treatment and controls Results for Shannon and Evenness indices exhibited the same patterns of change as total number of species. These indices showed an even more marked reduction of differences among treatments in the last year, as only the fire treatment showed a significantly higher value than the control treatment. The general decrease over time was also more marked, from 4. Plant traits
Life-form
We found no or only minor between-treatment differences in Chamaephytes and Hemicrophytes (Fig. 4) 
Leaf morphology (Online Resource 4)
Changes in leaf morphology types showed that abundance of graminoid form was only significantly different between the control and the fire treatments, and tended to increase with time (18% in 2006 to 20% in 2009, P = 0.002).
Species with malacophyllous leaves were less abundant in control treatment plots compared to the fire and scarification treatments, the chopping treatment Sclerophyllous-leaved species were more abundant in controls than with the other treatments, but the differences tended to decrease between treatments, as in the last year, only the control treatment significantly differed from the scarification treatments. Frequency of sclerophylls did not vary significantly over time (P = 0.10). Species with microphyllous leaves did not vary significantly between treatments, except in 2007, and their abundance remained stable over the different years.
Indicator values
Shade tolerance
Shade-intolerant species were far more abundant than shade-tolerant species (Fig. 5) , with mean percentages of 75 versus 25% for all treatments combined, and these proportions remained stable over the years (P = 0.45). Variations in the frequencies of these species were more pronounced the year following treatment applications, whereas in 2007 and in 2009 the differences were only significant between the control treatment and the fire and scarification treatments.
Nutrients
Oligotrophic species were much more abundant than eutrophic species, and significant differences between treatments were only found in 2006 between the control and the other treatments. However, for all treatments combined, oligotrophic species increased significantly from 66% in 2006 to 76% in 2009 (P \ 0.001). Eutrophic species showed similar patterns: significant differences only in 2006 between the control treatment-showing fewer eutrophic species-and the other treatments, and abundance decreasing sharply over the years (28% in 2006 to 18% in 2009, P \ 0.001).
Mesotrophic species were not abundant (\8% whatever the year or treatment) and did not vary between treatments or over the years (data not shown).
Discussion
Species diversity
Plant diversity, measured by species richness or Shannon index, increased in the treated plots but decreased over time. The disruption of the vegetation cover generated by the treatments had created favorable conditions for species to become established, increasing light resources for small herbs due to the shrub clearing, creating more safe sites for seeds to germinate and grow due to increased bare soil and lower competition, and probably also higher nutrient availability (Schumann et al. 2003; Decocq et al. 2004) . However, the increase in diversity was only transient in time, as it decreased from the second year after treatment application. This pattern is classically observed in forests (Peltzer et al. 2000) and in different Mediterranean plant communities after disturbances. Studying the vegetation recovery of shrublands and Aleppo pine forests after fire, Trabaud and Lepart (1980) and Trabaud (1987) reported that floristic richness peaked between the 10th and 40th month post-disturbance, then declined and stabilized. Similarly, Kazanis and Arianoutsou (1996) noted on burned Aleppo pine stands in Greece that herbaceous taxa dominated the flora during the first 4 years postfire, with species richness peaking the second year before decreasing thereafter. Pérez-Ramos et al. (2008) , studying the impact of shrub clearing on species diversity in the understorey of cork oak forest in southern Spain, also noted that species richness in their open woodland site peaked one year after the treatment before substantially decreasing. Consistently with these studies, the increase in species richness reported here was largely due to therophytes, mainly the rapidly spreading ruderals (e.g., Sonchus sp., Picris echioides, Senecio vulgaris) taking advantage of the favorable conditions produced by the treatments. With time, as resources become less abundant and competition with pre-existent species more severe, the opportunities for these plants to establish decreased, resulting in lower species richness. The treatments therefore produced fluctuations in resource availability, which is a key factor controlling a community's susceptibility to colonization (Davis et al. 2000) , and offered a temporal 'window' (Gross 1980) for plant establishment, primarily benefiting small herbs.
Vegetation composition
Vegetation composition differed strongly between treatments, although the chopping treatment showed composition and plant traits values that were with time more comparable to the control than to the other treatments. Chopping, by only removing the aerial parts of pre-existing vegetation, was characterized by less profound disturbances than those induced by the fire and scarification treatments, which led to a much greater proportion of bare soil offering ruderal species favorable conditions to successfully establish either from the seed bank or from propagules brought from the outside. These changes in vegetation and soil cover also explain why pine recruitment was found to be higher with the fire and scarification treatments than with the control and chopping treatment in a previous study within the same experiment (Prévosto and Ripert 2008) .
We detected major fluctuations in vegetation composition with time in all treatments even if changes were more limited in the control. Changes in the control treatment could be explained by the high light availability due to the regeneration cut allowing shade intolerant species to establish as in the other treatments. The wide variations in vegetation Ecol (2011) 212:627-638 635 composition that partially overrode the treatment effects were likely to have been induced by fluctuations in soil depth, soil stoniness, micro-topography, and differences in initial floristic composition at plot level (Puerto and Rico 1997) . The high fine-grain heterogeneity of the environment, commonly encountered in Mediterranean areas, has regularly been put forward to partly explain the vegetation's response unrelated to treatments (e.g. Gómez-Aparicio et al. 2005; Pérez-Ramos et al. 2008) . Despite this variability, the vegetation composition of the treatments generally converged over time to mirror the control treatment. This result illustrates the resilience of the Mediterranean vegetation, i.e., its capacity to return, in a relatively short time period, to the composition that was prevalent before the disturbances occurred (Pérez-Ramos et al. 2008 ). This resilience can be explained by the high resprouting ability of shrubs, typical for most Mediterranean woody species (Canadell and Lopez-Soria 1998) . Some herbaceous plants are also highly resilient to fire (Vila-Cabrera et al. 2008 ) and other disturbances due to their efficient propagation strategies and their capacity to develop in stressful environments, particularly high irradiance and low water resources. This is the case for B. retusum, the dominant species of the herb layer in our study, for which cover increased rapidly with all treatments. B. retusum is known to play an important role in the recovery of Mediterranean ecosystems due to its rhizomatous below-ground system and its ability to compete with other species (De Luis et al. 2004; Clary et al. 2004) .
Plant traits
The analysis of the changes in plant life-forms showed a greater abundance of therophytes in the fire and scarification treatment plots compared to the chopping or control treatment, whereas phanerophytes showed the reverse trend. As explained above, the more pronounced disturbances with the fire and scarification treatments favored the development of the many annual and ruderal species, as also recorded in other studies in the Mediterranean woodlands (De Las Heras et al. 2004; Gondard et al. 2007; Pérez-Ramos et al. 2008 ). This development was only transient in time, and the decline in therophytes was associated with an increase in phanerophytes and chamaephytes, many of which were resprouting plants.
The higher abundance of annual and ruderal plants can also be put forward to explain the differences in leaf morphology, with a greater abundance of plants with malacophyllous leaves and a lower abundance of plants with scleromorphic leaves in the fire and scarification treatments immediately after the disturbances.
The lower proportion of insect-pollinated plants in the control plots than with the other treatments is consistent with the lower floral richness also detected in the control (Potts et al. 2006) , and can be explained in part by the higher abundance of wind-pollinated graminoid species (Daehler 1998) .
The scarification and fire treatments produced a higher abundance of shade intolerant and eutrophic species, although the differences in eutrophic species were only significant in the year following treatment. The removal of the shrub layer with the chopping treatments or all the pre-existing vegetation layers with the other treatments led to greater light availability, favoring the establishment of new lightdemanding species (Heinrichs and Schmidt 2009 ). The controlled fire was likely to induce greater nutrient availability, particularly nitrogen, but this effect is usually restricted to a relatively short period (\1-2 years) following the fire event (see Carter and Foster 2004 for a review). The scarification treatments may also have induced greater transient nutrient availability due to better decomposition and mineralization of the organic matter, as reported in previous studies (Smolander et al. 2000; Piirainen et al. 2007 ).
Conclusion
This study showed that different types of disturbances led to different vegetation composition patterns and a significant but transient increase in species richness and Shannon index, thus supporting the intermediate disturbance hypothesis. Changes were more pronounced in the fire and scarification treatment plots, which induced a higher percentage of bare soil, than with the chopping treatment where vegetation composition remained closer to the control plots. Fire and scarification treatments were also shown to be the most effective treatments to promote pine recruitment (Prévosto and Ripert 2008) . Indeed, by freeing resources and reducing the importance of some monopolistic species, these treatments favored the emergence and the survival of pine seedlings and enabled at the same time the rapid establishment of shade-intolerant, more nutrient-demanding and ruderal species Battles et al. 2001) . The resulting increase in species richness was, however, both transient and linked to opportunistic species and did not result in an improvement of the biodiversity of the forest. The decrease in ruderal species and the increase in ligneous species with time indicated a gradual return to the pre-treatment conditions although shade-intolerant species remained abundant. This resilience was largely due to the efficient vegetative reproduction system of most species (e.g., the resprouting capacity of most ligneous species) and their capacity to resist the severe environmental conditions prevailing in Mediterranean habitats.
In the absence of clear biodiversity conservation objectives, this study shows that various forestry treatments can be applied. In particular, prescribed fire and scarification treatments can be recommended to enhance pine recruitment as the changes they induce in vegetation composition and diversity are only transient. Our results on the impact of silvicultural treatments on vegetation changes are in line with those usually found in temperate areas. However, further studies are needed to know to what extent these findings can be applied to Allepo pine forests located in other sites and climatic conditions.
